Abstract Self-organization of Triton X-100 (TX-100) surfactants in aqueous dispersion leading to their signature selfassembly is reported based on experimentally determined static structure factor data obtained from small-angle neutron scattering (SANS) experiments. Surfactant gels were formed for dispersions having 40% ≤ [TX-100] ≤ 55% (v/v). An unexplored correlation peak was noticed at a specific wave vector q* whose value increased with surfactant concentration. The form factor data could be described by modeling the micelles as core-shell structures (hydrophobic core with a polar shell). The intermicellar interactions were modeled with hard sphere, sticky hard sphere, and hard sphere in square well potential designations. We used a lattice model based on random walk formalism to theoretically describe this self-assembly, and observed that the cluster size decreased with TX-100 concentration consistent with experimental data. The selforganization of TX-100 in aqueous medium is presented.
Introduction
Self-organization leading to formation of spherical micelles and their subsequent structural transition to rod-like and lamellar phases is normally understood through Tanford's geometrical packing argument, and hydrophilic-hydrophobic balance interactions [1] . This generalized structure formation applies to most of the surfactants dispersed in water.
Surfactants being amphiphilic molecules by nature contain both hydrophilic and hydrophobic moieties. This particular property endows the surfactant molecules with their unique dispersion and interfacial characteristics. Hydrocarbon tails facilitate the surfactant molecules to aggregate to form globular micelles in which the hydrophobic tails are oriented inwards, shielded by the polar head groups from the exterior water environment [2] .
Clearly, several molecular architectures can result from this self-organization. Depending on the specific type of surfactant used, and the solution conditions, the aggregates formed can be spherical, rod-like, or may have morphology of molecular bi-layers [1] . While considering the free-energy of aggregation, the following contributions must be accounted for: (i) the relocation of the alkyl tail from water to the inner core of the aggregated assembly, (ii) the free-energy of formation of the aggregate-water interface, (iii) the conformational free-energy change arising from the confinement of the polar groups present on the surface, and (iv) the interaction between the polar group of the surfactants. Here, it is presumed that the polar head group interactions can be discussed in the PoissonBoltzmann equation framework. However, in multiElectronic supplementary material The online version of this article (doi:10.1007/s00396-017-4078-9) contains supplementary material, which is available to authorized users.
* Kamla Rawat kamla.jnu@gmail.com component surfactants, in the presence of cosurfactants, and organic phases, very long-lived metastable states have been encountered [3, 4] . In addition to this, order-of-mixing effects and sensitivity to experimental protocols have been reported [3, 4] . These observations are system specific, as far as the theoretical understanding is concerned. In molecular dynamics (MD) calculations, thermodynamic and hydrodynamic quantities are computed as time averages of appropriate mechanical quantities [5] . In Monte Carlo (MC) calculations, one estimates ensemble averages by taking averages of mechanical properties of interest over a finite, yet large, sample of configurations, which are chosen in a semi-random fashion [6] . The aforesaid reports clearly indicate that selforganization of surfactant micelles may not always follow the well-known Tanford prescription. For instance, surfactant-oil-water solutions may not be sufficiently described by conventional thermodynamic solution models, such as the regular solution, the Flory-Huggins solution, the quasi-chemical solution, or variations of these, because these models assume that the solution is a near-random physical mixture of the constituent molecules, an assumption which is valid for microstructures in solutions. The screened Flory-Huggins model describes the reduced oil-water interaction in micro-emulsions which is due to the screening influence of the surfactant-micelle, but does so empirically leading to an intuitive link to the molecular structure of the amphiphile [7] . The Monte-Carlo technique can be used to explore a wide variety of interesting phenomena, such as micellar size, and shape transitions to packing transitions and phase behavior to interfacial properties [8] . A statistical thermodynamic model of surfactant aggregation was developed [9] [10] [11] [12] . Moreover, one may follow recent papers of Panagiotopoulos and coworkers on advanced MD and MC simulations on selfassembly of various surfactant-based systems [13] [14] [15] .
Regardless of the fact that surfactant science is a much explored discipline as far as the self-assembly is concerned, the molecular mechanism of the same may not always be that transparent. Herein, we demonstrate that TX-100 aqueous dispersion is one of those unique cases where the process of selfassembly is driven by a hierarchy of hard sphere interactions. Experimental data obtained from small-angle neutron scattering (SANS) studies is supported by theoretical modeling.
Materials and methods
Triton X-100 (molecular weight = 647 g/mol), which is a nonionic surfactant, was bought from SRL Chemicals, India, which was 99% pure, and it was used as received. It is a polydispersed preparation of isooctyl phenoxypolyethoxyethanols, which is a very viscous liquid at room temperature (25°C). D 2 O was obtained from Sigma-Aldrich, USA, which was used as solvent to prepare the samples. All the concentrations are in percent (v/v) unless otherwise stated.
The samples were prepared by the addition of Triton X-100 to hot D 2 O (60°C) under stirring for half an hour. This produced a clear and optically transparent solution. When cooled to room temperature, some of these samples generated homogeneous gels (40% ≤ [TX-100] ≤ 55%).
Small-angle neutron scattering measurements were carried out at two locations: (i) at the Guide Tube Laboratory, Dhruva Reactor, Bhabha Atomic Research Centre, India (0.17 nm −1 < q- Experiments were performed at sample-to-detector distances of 2 and 8 m to cover the wave vector transfer q (=4πsinθ/λ, where 2θ is the scattering angle and λ is the wavelength of the incident neutron) in the range of 0.0552 to 2.40 nm
. The scattered neutrons were detected by using a two-dimensional 98 cm × 98 cm He 3 gas detector [16] . All the samples were made in D 2 O, to improve signal-to-noise ratio, and measurements were performed using 2-mm-thick quartz cuvettes [16] . See ref. [17] for technical details for BARC measurements. All the experiments are performed at room temperature (25°C).
SANS data analysis
SANS intensity I(q) for a monodisperse system of particles may be expressed as [18] [19] [20] [21] [22] [23] [24] 
where N is the number density of the particles, Δη is the neutron scattering length density contrast between the particle and solvent, V is the volume of an individual particle, P(q) is the particle form factor, S(q) is the structure factor defining interparticle interaction, and BG is the incoherent background scattering. The standard form factor P(q) for the spherical shell and hard sphere potential is described in refs. [25] [26] [27] [28] [29] . The structure factor for sticky hard sphere and square well potential has also been described in detail earlier [25] [26] [27] [28] [29] [30] .
Results and discussion
We have shown the neutron scattering intensity profile (I(q) vs q) in Fig. 1 and Fig. S1 (supporting information) as a function of TX-100 concentration, which displays dominant correlation peaks, generally found in the case of micellar solutions. The intensity profile data were analyzed with SASfit version 0.94.6 [29, 30] , and the microstructures were identified to be micelle-like with a spherical shell (Fig. 2) . The hydrophobic core behaved as a hard sphere surrounded by a shell of the head groups. Interaction with neighboring particles was dominated by its hydrophilic shell. However, it must be realized that the interaction potentials are always described by strong hard sphere potentials with a weak attractive or sticky part (referred to as sticky hard sphere and square well potential, respectively). The SASfit has an inbuilt algorithm to take into account the stickiness and polydispersity issue, simultaneously (see ref. [29] for more details).
The fittings and values of fitting parameters were obtained; the broadness index of size distribution (s), the reduced χ Table ST1 (supporting information). With increase in the stickiness parameter, the attractive strength increases which caused the system to undergo gelation.
We can see from Fig. 3 that the intermicellar spacing in the case of 20% sample was more than two times the RHS (hard sphere repulsion radius), which maintains the solution-like behavior of the dispersion. In gel, it was either comparable to 2RHS or even less, giving rise to stickiness in the system which generated higher order structures, while in melts, the spacing was much less than 2RHS, and the particles were confined in a square well of width 1.0242RHS (2.78 nm) to maintain a very high degree of repulsion among micelles.
The q* values define the typical spacing d among aggregates shown in Fig. 3 . We observed that the spacing decreased exponentially with the volume fraction of the surfactant, (Eq. 2).
At a lower concentration (φ → 0), it was large, and at a higher concentration (φ → 1), it decreased to a length scale of the TX-100 monomer, d m . Thus, 14 nm which is close to the monomer length of Triton X-100. Figure 4 depicts the radius of the core decreased due to the increase in the hydrophobic interaction between tails of different surfactant molecules, but the radius of the shell decreased marginally due to the compression of the shell because of dehydration and went to a minimum value. However, the size of the micelles is always larger than the RHS of the micelles. The scattered intensities I 0 at q = 0 (q min ) and q* are shown in Fig. 5 . The forward scattering intensity I 0 decreased with the increase in the surfactant concentration, indicating a decrease in the micellar size, while the intensity at q* increased to a maximum at 50% surfactant concentration, and then it decreased to a minimum value at maximum surfactant concentration, suggesting the strength of the micellar interaction was maximum at 50% TX-100 concentration.
The peak seen for the 50% sample is very sharp, which means there was maximum ordering at this concentration, as well as the size distribution was narrow, while in other cases, the distributions were broad.
The microstructures in all phases (solution gels and melts) were spherical shells with well-defined core and shell. We found that the total radius of the particle remained between 4 and 2 nm, which is comparable to the length of the monomer unit in the extended and compressed conditions. Correlation peaks were found in all samples indicating a typical spacing among the aggregates of 9 to 4 nm. The peaks are broad, indicating polydispersity in the system. Thus, the interaction between the spherical shells is hard sphere (for up to 45%), sticky hard sphere (up to 55%), and square well for 80% surfactant-containing samples. The hard sphere repulsion radius was almost constant between 3 and 4 nm. A schematic representation of different phases of self-assembly of TX-100 in water is depicted in Fig. 6 .
The micellar morphology and solubilization capacity of the oligomeric surfactant tyloxapol with monomeric Triton X-100 were compared by Dharaiya et al. [31] using scattering and spectral studies. The bulky oligomeric structure of tyloxapol forms small spherical micelles with a much lower aggregation number compared to ellipsoidal micelles of Triton X-100.
These results revealed that the molecular structures of both the surfactant and solubilizate played key roles in solubilization and micellar transition. They studied the solubilization of TX-100 at a much lower surfactant concentration (5% (v/v)). In comparison, our data covers a surfactant concentration ranging from 20 to 80% (v/v). And, we focus on the intermicellar interaction assuming the form factor to be invariant (please see Fig. 4 , spherical form factor). At a higher concentration, the shape was assumed to be invariant, and we focused only on the interaction part.
Well, the intensity data was only fitted to the spherical shell geometry with appropriate reduced χ 2 values. The fitting was robust, implying a core-shell morphology of the micelles. Even when the structure factor is strong, the SASfit algorithm can account for both form and structure factors in the regression analysis. Error bars are included in their respective figures.
The polyoxyethylene chain is most hydrated highly in the gel state compared to the other two states (melt and solution). The details of the hydration behavior have been discussed in earlier work. See ref. [32] for more details.
Theoretical modeling
It was felt imperative to theoretically model our experimental observations in order to get a deeper insight into the phenomena of self-assembly. Here, we use a simple lattice model based on self-avoiding random walk technique to calculate the typical size of surfactant-water clusters for various surfactant concentrations. Earlier, Larson et al. [33, 34] introduced the lattice model for the amphiphile water-oil system. Using the Monte-Carlo (MC) technique, they studied the microstructure formation as a function of surfactant concentration. They Fig. 4 Different size parameters of the micelles in the core-shell picture as a function of surfactant concentration. The hard sphere repulsion radius (RHS) and the shell thickness changed marginally, while the core radius changed significantly. The overall size of the core-shell structures is decreased to almost half of its initial value. The solid lines are guide to the eye also calculated the free energy from MC simulation of the configuration space. However, we will consider the fixed configuration of the surfactant-water system, and thus, the temperature has no role in the dynamics. Each water molecule can form two hydrogen bonds (H-bond) on the average. If we assume that lattice spacing is equivalent to the size of a water molecule, then a water molecule can only form a bond with its nearest neighbor because of the fixed length of the H-bond. Similarly, each part of the hydrophilic block of a surfactant molecule can form two H-bonds with its nearest neighbor [35, 36] .
Moreover, there is π-π interaction among the surfactants. In the simulation, we consider a lattice of size 256 × 256. We initialize the system by randomly putting surfactants in the lattice. We prefer the surfactant to be aligned in the horizontal direction. The length of each surfactant is 16-lattice units, and the sizes of the hydrophilic and hydrophobic parts are assumed equal. Each empty site of the lattice represents one water molecule. We randomly consider a lattice site, which contains a water molecule, or a hydrophilic site of a surfactant. Then, we perform self-avoiding random walk to make a single water-surfactant cluster. We employed periodic boundary Fig. 7 . Here, φ = 0 means a system with pure water and the maximum computationally achievable value of φ = 0.66. Details are given in the figure caption.
We calculate the area of a cluster A by counting the number of sites associated with a cluster. If a cluster occupies any surfactant site, then we consider the size of the whole surfactant in the counting of sites. The result shown in Fig. 8a is obtained by averaging over 400 clusters for a given surfactant concentration. We also calculate the end-to-end distance R e of a cluster. Let r i and r j be the position vectors of the starting point and the end point of the cluster; then, R e is given by R e = |r i − r j |. The results of R e are shown in Fig. 8b for different surfactant concentrations in the system. Typical snapshots of surfactant-water clusters for different volume fractions φ of the surfactants are mentioned. The actual system size is 256 2 (≈256 × 256). For clarity, we have shown a 30 × 30 portion around the cluster. Each unmarked lattice point in the system represents one water molecule, and a surfactant molecule is 16 times a water molecule. The ratio of the size of hydrophilic to hydrophobic parts of a surfactant is unity. The red dots mark the hydrophilic portion of the surfactant, and the green dots mark the hydrophobic portion. The blue dots represent the sites in a typical cluster.
Conclusion
We have probed the structures of Triton X-100 micellar gels in aqueous medium and found that the basic structure in the system are micelles with a core-shell geometry; aggregation among the micelles led to the formation of interconnected structures. The interaction among the micelles was due to hard sphere, sticky hard sphere, and square well potential, which were established from SANS data. The size of the micelles decreased with the increase in surfactant concentration, and spacing among micellar aggregates decreased to monomer length at a higher surfactant concentration.
Moreover, our approach consists of a simple empirical model to describe the observed SANS data. A rigorous interpretation involves more recent perturbative treatments, pioneered by Gazillo et al. [37] and Fratini et al. [38] . The results offer new insight into the understanding of micellar gels, a novel state of soft matter. The hydrophobichydrophilic behavior plays a crucial role in the formation of micelles and their higher order assemblies. The experimental data is correlated with the simulation results obtained from lattice model calculations. At this stage, it is difficult to provide any quantitative information regarding other possible phases (lamellar or hexagonal). The presence of a lamellar/ hexagonal phase at a higher TX-100 concentration may be a reality which could have been resolved from SAXS and cryo-TEM data. 
